Abstract: Synchrony between soil mineral nitrogen (N) supply and crop N demand is important for optimal plant growth. Excessively wet conditions expose poorly drained soils to an increased potential of N loss and reduced N use efficiency. A two-year experiment with wheat (Triticum aestivum L.) was initiated in 2014 and concluded in 2016 in northeastern Missouri in the United States (USA). The objective of this experiment was to evaluate the effects of nitrapyrin and pronitridine nitrification inhibitors (NI) applied as an early or late-split application timing (40:60%) of 79 kg N ha −1 or 112 kg N ha −1 on winter wheat soil and plant N status, as well as grain yield. Both NIs had no effect (p = 0.3917) on yield, while there was an interaction between year and the urea ammonium nitrate (UAN) rate on grain yield. Yields were similar (3550 kg ha −1 to 3686 kg ha −1 ) in 2015 between UAN application rates. UAN at 112 kg N ha −1 resulted in a 551 kg ha −1 greater yield than UAN at 79 kg N ha −1 in 2016. Nitrapyrin and pronitridine did not significantly affect soil ammonium or nitrate-N concentrations at depths of 0-15 cm and 16-30 cm compared to the absence of NI over the period of three months after application. Nitrapyrin with UAN at 112 kg N ha −1 had the highest grain test weight. Further testing of these NIs in combination with UAN for winter wheat production is needed under different climatic and environmental conditions to develop comprehensive management recommendations.
Introduction
Nitrogen (N) is essential to all forms of life. Its availability largely affects the productivity of many ecosystems [1] . Approximately one-third of the global population would have not lived had the amount of protein that has been attributed to the use of manufactured N fertilizers not been achieved [2] . Synthetic N fertilizers commonly used in row-crop agriculture include urea, anhydrous ammonia, ammonium nitrate, ammonium sulfate, and urea ammonium nitrate (UAN) [3] . Urea-based fertilizers are the most widely sold (43%) N fertilizers in the world [4, 5] .
Due to its highly soluble nature, the potential risk of N losses in subsurface drainage water flow [6] and denitrification [7] in poorly drained soils, and leaching in sandy soils [8] has been reported with urea-based N fertilizers. The loss of N from synthetic fertilizers decreases agricultural crop and livestock production, and the fulfillment of nutritional requirements of a rapidly increasing human population [9] [10] [11] . Harmful environmental effects due to N loss mechanisms include the loss of biodiversity in aquatic and terrestrial ecosystems and the invasion of N-consuming weeds, the acidification of soil and water resources, increased greenhouse gas levels due to emissions of N 2 O, and depletion of the stratospheric ozone ( [12] . Factors such as a variation in management practices (e.g., selection of N source, soil tillage method, placement of fertilizer, timing and method of N application), climatic conditions, soil properties, and crop growth affect the relative magnitude of N loss processes [13] .
North central and eastern Missouri, southeast Kansas, and southern Illinois are part of the central claypan major land resource area (MLRA) [14] [15] [16] . The claypan region includes four million hectares comprised predominantly of soils characterized by a subsoil layer of 100% more clay content at a depth of 20 cm to 40 cm compared to the surface layer, making it a poorly drained soil. Low-lying landscapes and poorly drained soil conditions cause soils to be saturated during prolonged wet conditions from frequent rainfall events. These saturated conditions increase the risk of N loss and adversely affect crop yields [7, 17, 18] . Factors, such as N sources, application timings, rates, and nitrification inhibitors (NI) interact differently based on soil and environmental conditions. Precise understanding of the effects of individual factors and their interactions on N losses as well as crop production may increase or maintain optimal crop grain yields. The simultaneous cumulative impact of multiple management factors have not been studied extensively [19] in winter wheat production in the midwestern U.S.
Urea ammonium nitrate is available in solution form, which allows it to be mixed easily with other chemicals such as NIs or other nutrients. Half of its N is in the urea form, and the other half is in NO 3 − (25%) and NH 4 + (25%). The development and effects of nitrification inhibitors on reducing N loss and crop production have been reviewed [20] [21] [22] [23] with a primary focus on corn. Nitrification inhibitors have been utilized to reduce the gaseous and leaching loss of N fertilizer by delaying the nitrification of N fertilizers in the soil [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] and increasing crop yields [34] [35] [36] . Anhydrous ammonia with nitrapyrin (2-chloro-6-(trichloromethyl) pyridine) has increased ammonium retention in claypan soils when applied in the fall for wheat [37] . However, research is limited on the use of nitrification inhibitors with UAN as an N fertilizer source for winter wheat on claypan soils. Nitrapyrin was reformulated for improved utility with UAN, urea, and manure. Research has evaluated corn response to UAN rates and timings in the presence and absence of this new formulation of nitrapyrin (Instinct ® ) on yield, N 2 O emissions, and yield-scaled N 2 O emissions [19, 30] . Nitrapyrin reduced both daily and cumulative N 2 O emissions when averaged across years. However, the UAN rate influenced corn yield, yield-scaled N 2 O emissions, N 2 O fluxes, and cumulative N 2 O emissions the most, followed by application timing and nitrapyrin. In Minnesota, over a three-year period under continuous corn and subsurface tile drainage on poorly drained glacial till soils, research evaluated the effects of two rates (9.4 L ha −1 and 18.7 L ha −1 ) of a newly developed nitrification inhibitor, pronitridine [38] , and one rate of nitrapyrin (2.6 L ha −1 , 0.57 kg active ingredient (a.i.) ha −1 ) on corn yield [39] with several rates of UAN. A relatively wet year resulted in the lowest yield in the absence of pronitridine at 18.7 L ha −1 compared to pronitridine at 9.4 L ha −1 or a nitrapyrin application. In Missouri, on poorly drained claypan soils planted to corn, Nelson [40] reported that UAN plus pronitridine (9.4 L ha −1 ) that was applied pre-emergence in a dribble band was comparable in corn grain yields to an application of UAN plus nitrapyrin (0.5 kg a.i. ha −1 ). In that same research, it was observed that in a high yielding year with optimum precipitation during the growing season, UAN application rates could be 8% to 19% lower when added with pronitridine or nitrapyrin than when UAN was applied without a nitrification inhibitor. No research has reported on the effects of pronitridine on wheat response with UAN in a poorly drained soil. Therefore, the objective of this research was to evaluate the effectiveness of nitrapyrin and pronitridine applied with an early or late split application timing (40% followed by 60% of the total applied N) of 79 kg N ha −1 or 112 kg N ha −1 on soil N status, winter wheat N content, and grain yield. (Table 1) . Soil samples were collected from 0-15 cm and 16-30 cm depths using a stainless steel push probe. The soil samples were analyzed using standard soil test analytical methods at the University of Missouri Soil and Plant Testing Laboratory [41] . Additional analyses of soil NH 4 + -N and NO 3 − -N were determined using a 2-M KCl extraction and Lachat QuikChem automated ion analyzer (Hach Corp, Loveland, CO, USA). Field management, field characteristics, soil maintenance, and crop protection chemicals are reported in Table 1 . Azoxystrobin (methyl (E)-2-{2-[6-(2-cyanophenoxy) pyrimidin-4-yloxy] phenyl}-3-methoxyacrylate) at 0.15 kg a.i. ha −1 was applied on 15 May 2015 to the wheat to prevent disease. A maintenance fertilizer application of N-P-K-S-Zn at 16-52-0-13-2.6 kg ha −1 was made on 23 September 2015. Chlorophyll meter readings for 10 plants plot −1 were recorded to determine the chlorophyll content of the flag leaf using a SPAD meter (Minolta SPAD-502, Tokyo, Japan). At physiological maturity, whole plant samples were collected from each plot from two 30 cm × 76 cm quadrats to determine the aboveground dry biomass. The collected biomass samples were dried, weighed, ground to pass a 1-mm sieve (Wiley Mill, Swedesboro, NJ, USA), and analyzed for total Kjeldahl N [42] , which was used to calculate tissue N uptake and crop N recovery efficiency (RE N ) [43, 44] . Wheat grain yields were determined with a small plot combine (Wintersteiger Delta, Salt Lake City, UT, USA) and adjusted to 130 g kg −1 moisture content before analysis. Grain samples were collected from each plot to determine test weight and moisture using a grain analysis computer (GAC 2100, DICKEY-john Corporation, Auburn, IL, USA).
Materials and Methods
Precipitation data for the growing seasons were collected from a nearby automated weather station [45] . Data were reported for each study year from October to July for 2015 and September to Oct, October; Dec, December; Feb, February; Apr, April; Jun, June; Aug, August; Sep, September; Nov, November; Jan, January; Mar, March; Jul, July.
Data were first subjected to single-factor analysis of variance (ANOVA) using the SAS statistical program [46] to determine the significant differences between N treatments and the non-treated control (NTC). This was followed by a two-factor ANOVA in the absence of the NTC, since only one non-treated control was included in the design. Results were presented when significant differences among treatments were observed at p ≤ 0.05. Means were then separated using Fisher's Protected Least Significant Difference.
Results and Discussion

Precipitation and Temperature
Cumulative precipitation in 2015 (1006 mm) was 20% (204 mm) greater than the 10-year average precipitation (Figure 1 ). Nearly 80% (792 mm) of the precipitation occurred after the first N application. Most of the rainfall during this period was from May through July with two unusually high rainfall events in June (95 mm) and July (115 mm). The month of June received an even distribution of precipitation in the range of 20 mm to 39 mm. From planting (21 October) until just prior to the first N treatment application on 19 March, 2015 daily cumulative rainfall was below the average cumulative rainfall. However, near the end of June, precipitation exceeded the 10-year average.
The precipitation distribution pattern in 2016 was different from 2015. The cumulative daily amount was 19% (154 mm) less than the 10-year average (795 mm). The highest individual daily Data were first subjected to single-factor analysis of variance (ANOVA) using the SAS statistical program [46] to determine the significant differences between N treatments and the non-treated control (NTC). This was followed by a two-factor ANOVA in the absence of the NTC, since only one non-treated control was included in the design. Results were presented when significant differences among treatments were observed at p ≤ 0.05. Means were then separated using Fisher's Protected Least Significant Difference.
Results and Discussion
Precipitation and Temperature
Cumulative precipitation in 2015 (1006 mm) was 20% (204 mm) greater than the 10-year average precipitation (Figure 1 The precipitation distribution pattern in 2016 was different from 2015. The cumulative daily amount was 19% (154 mm) less than the 10-year average (795 mm). The highest individual daily rainfall events occurred during mid-November (43 mm) and mid-December (45 mm), which was lower than 2015. The overall precipitation over the season, except from January to the end of March, was low, but it was sufficient for high yields.
The average daily air temperature from September 1 of the planting-year to August 31 of the harvest-year for the years 2015 and 2016 is shown in Figure 2 . In 2015, the temperature between late-November and early-March was below freezing point (0 • C). In 2016, freezing temperatures were only observed from early-January to mid-February. Generally, temperatures in 2015 during the months of November through March were colder compared to 2016. In addition, the temperature dropped below 10 • C earlier, and remained colder for a longer period of time compared to 2016. 
Soil Nitrogen
Soil NO3-N and NH4-N concentrations for the 0 cm to 15 cm and 16 cm to 30 cm depths of treatment applications of UAN at 79 kg N ha −1 ( Figure 3 ) and 112 kg N ha −1 (Figure 4 ) one, two, and three months after the first treatment application (MAA) were similar among treatments. In general, soil NO3-N decreased, and soil NH4-N increased with greater MAA at both rates of UAN and with both depths (Figures 3 and 4) . Ammonium-N concentration at a 0-15 cm depth in the soil ranged from 5.8 mg kg −1 to 8.0 mg kg −1 1 MAA for the non-treated control and both rates of UAN treatments, while the concentration was similar among treatments of two MAA. There was 1.8 mg kg −1 to 11.3 mg kg −1 NH4-N in the soil profile (0-15 cm deep) for all treatments of three MAA. 
Soil NO 3 -N and NH 4 -N concentrations for the 0 cm to 15 cm and 16 cm to 30 cm depths of treatment applications of UAN at 79 kg N ha −1 ( Figure 3 ) and 112 kg N ha −1 (Figure 4 ) one, two, and three months after the first treatment application (MAA) were similar among treatments. In general, soil NO 3 -N decreased, and soil NH 4 -N increased with greater MAA at both rates of UAN and with both depths (Figures 3 and 4) . Ammonium-N concentration at a 0-15 cm depth in the soil ranged from 5.8 mg kg −1 to 8.0 mg kg −1 1 MAA for the non-treated control and both rates of UAN treatments, while Soil NO 3 -N and NH 4 -N concentrations for both UAN applications in the 16 cm to 30 cm depth were not affected by the NIs (Figures 3 and 4) . This result is in contrast with Kidwaro and Kephart [37] , who observed greater retention of soil NH 4 -N of up to 8 cm around the injection zone where anhydrous ammonia and nitrapyrin were added for winter wheat production in a claypan soil in Missouri. Possible reasons for this are that only a portion of the N from the UAN fertilizer was in nitrate form, and the N from the UAN may not have reached the soil depth of 16 cm to 30 cm at this point in time. In addition, the NI may not have moved into soils as quickly as N to affect soil NH 4 -N and NO 3 -N concentrations at the lower depth, even if N had leached into the soil. Nitrification inhibitors may not leach as rapidly as nitrate-N, because sorption/adsorption of NI to soil colloids, in particular nitrapyrin and DMPP, have been reported to reduce their effectiveness [47] [48] [49] . Generally, soil NH 4 -N concentration three MAA at both soil depths remained highest, followed by two MAA. This result may be attributed to NO 3 − being relatively more soluble and moving quickly in soils, or there was greater plant uptake of NO 3 − compared to NH 4 + . Figure 3 . Soil test nitrate-nitrogen (NO3-N) concentration at 0-15 (A) cm and 16-30 (C) cm depths, and soil test ammonium-nitrogen (NH4-N) at 0-15 (B) cm and 16-30 (D) cm depths one, two, and three months after application (MAA) of a 40:60 split application of urea ammonium nitrate (U) totaling 79 kg N ha −1 . Vertical error bars represent plus one standard deviation. Abbreviations: pro, pronitridine; nitr, nitrapyrin; NTC, non-treated control; U, urea ammonium nitrate. Application samples after one month were only taken for the non-treated control and nitrapyrin treatments. 
Plant Response
The overall analysis of variance (ANOVA) and p-values for crop response in 2015 and 2016 are shown in Table 2 . Urea ammonium nitrate treatments significantly increased plant leaf SPAD meter readings, tissue N concentration, plant population, and grain yields compared to the non-treated control, but there was no observed effect on grain moisture among the UAN application rates (Table 3) . There was no difference in flag leaf SPAD meter readings and RE N between the 79 kg N ha −1 and 112 kg N ha −1 rates, but tissue N concentration of total aboveground plant biomass and grain yields in 2016 were significantly increased between the two rates (Table 3) . However, no differences in grain yields between the two rates was observed in 2015 when overall grain yields were lower. Improved plant growth, including increased tissue N, and grain yields with increasing application rates of UAN in crop production, have been extensively observed in the midwestern region of the United States (U.S.) especially for corn [19, 40, 50] . However, RE N values tended to decrease with increasing N application rates [51] , which was not observed in this research. This difference may have occurred due to the variability in climatic conditions between the two years, which resulted in lower overall yields in 2015 compared to 2016, and may have affected N utilization.
Grain yields (P = 0.6620) were similar among NI treatments, regardless of the timing of the NI application (Tables 2 and 4 ). However, plant population and RE N were affected differently by NI depending on the year (Tables 2 and 4) . Plant populations were greater in 2015 compared to 2016 (Table 4) . Plant populations were 147 m −2 to 151 m −2 for all of the treatments except pronitridine, which was applied with the late timing of UAN, while there was no effect of NI on plant population in 2016. These differences did not affect overall grain yields. Pronitridine increased RE N when applied with UAN at the early N application timing compared to nitrapyrin in 2016, but RE N during the same year with pronitridine was similar to the non-treated control (Table 4) . Nitrogen recovery efficiency was greatest when nitrapyrin was applied with the late timing of UAN compared to no NI or pronitridine in 2015 (Table 4) . However, nitrapyrin with UAN had the lowest RE N in 2016.
The total wheat biomass yield, N uptake, and grain test weight responded differently each year to NI treatments and the amount of N applied (Table 5 ). In general, plant biomass yield responses in 2016 were greater than or equal to similar treatments in 2015. In 2015, all of the treatments had similar total biomass yields at 79 kg N ha −1 and 112 kg N ha −1 except for nitrapyrin, which was applied with the late UAN application. Total plant biomass was greatest (12.65 Mg ha −1 ) when nitrapyrin was applied with the late application of UAN at 112 kg N ha −1 compared to other treatments, except when nitrapyrin was applied with the early application of UAN at 112 kg N ha −1 . In 2016, plant biomass with UAN at 79 kg N ha −1 was similar or greater than the NI treatments; however, plant biomass was 2.8 kg ha −1 to 4.79 kg ha −1 greater when pronitridine was applied with the early timing of UAN at 112 kg N ha −1 compared to all of the other treatments. While no significant difference among treatments for plant N concentrations were detected, plant N responded with a similar three-way interaction (year × NI timing × N rate) as biomass yield (Table 5 ). In 2015, plant N uptake was highest (182 kg N ha −1 ) when nitrapyrin was applied late with UAN at 112 kg N ha −1 . Total plant N uptake was greatest (174 kg ha −1 ) when pronitridine was applied with UAN at 112 kg N ha −1 in 2016. However, N uptake was similar to UAN in the absence of NI. Grain test weights were generally greater in 2016 than 2015, which could be due to a change in the cultivar or weather conditions. Urea ammonium nitrate at 112 kg N ha −1 at the early timing had the highest test weight, but it was similar to all of the treatments with a NI when applied at the same N amount in 2016.
Differences in the plant response observed between the two years of this research could be due to rainfall distribution. Although rainfall in 2015 was higher (20%) compared to the 10-year average, a lack of precipitation from planting to the first treatment application on 19 March may have affected plant growth and N utilization (Figure 1 ). During 2015, approximately 80% of the season's precipitation occurred from May to July with two 100 mm and 110 mm rainfall events in June and July, respectively. In comparison, 2016 received 20% lower precipitation than the 10-year average, but the precipitation was evenly distributed over the season with relatively low daily rainfall events, which possibly contributed to the overall higher grain yields compared to those observed in 2015.
The major effect of climatic variation on the efficacy of NI sources and timing has been observed in other studies [37, 49, 51, 52] . A lack of agronomic response to a NI has been attributed to situations where environmental conditions were not favorable for N loss, or when the use of a NI resulted in N loss through ammonia volatilization [22] . Despite the relatively wetter conditions of the poorly drained soils in this research, which would potentially cause greater N loss conditions, the addition of NI with UAN in this research did not result in consistent soil NH 4 -N stabilization over a three-month period after application or in a subsequent grain yield increase.
Conclusions
Nitrapyrin and pronitridine did not affect soil N status over a three-month period compared to non-treated UAN during the two years of this research. The results for total plant biomass and plant N uptake indicated that nitrapyrin had the greatest response when applied at a late timing at 112 kg N ha −1 , while pronitridine had the greatest response when applied with the early application of UAN at a total rate of 112 kg N ha −1 . The higher UAN application rate increased tissue N concentration in both years and grain yield by 0.47 Mg ha −1 in 2016, but there was no effect of NI or application timing on tissue N concentration or yield. Nitrapyrin combined with UAN had the highest crop RE N in 2015, but the highest RE N was observed with pronitridine in 2016. Plant population and grain moisture were not affected by UAN rate or NI timing. Nitrification inhibitors generally had similar grain test weights, although differences were observed between 2015-2016. The application of nitrapyrin or pronitridine with different application timings and the split-applied UAN rate (low or high) generally did not affect winter wheat yields in this research compared to when UAN was added alone. However, the use of different NIs in combination with UAN needs to be examined under additional field and climatic conditions in order to develop comprehensive management recommendations for winter wheat production in the region. Author Contributions: H.H. was responsible for the initial analysis, interpretation of the data and writing of the manuscript. K.A.N. was responsible for planning, site selection, analysis, and interpretation of results. P.P.M. participated in the planning, design, interpretation of results, and manuscript preparation. 
